sterilize the site of injury and remove dead or dying cells. Leukocytes also produce a host of inflammatory and anti-inflammatory cues that regulate the function of diverse cell types in vivo and can help or hinder wound healing, depending on the state of the local tissue microenvironment. In the context of regenerative medicine, the interaction of immune cells with both host and donor cells, the local matrix, and biomaterials must all be considered for successful tissue regeneration.
A critical prerequisite for successful tissue regeneration is appropriate extracellular matrix (ECM) remodeling. This process requires the tightly regulated synthesis and degradation of ECM components. Key players in this regulation are the matrix metalloproteinases (MMPs) and their endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs). Their activity is considered to be the rate-limiting step in ECM degradation and preservation. As a function of their importance in the creation and maintenance of the ECM in both native and engineered tissues, recent attention has focused on the role of these proteins within the context of regenerating tissue.
Both surgical trauma and bacterial infections can lead to severe tissue injury that can be triggered by cell surface Toll-like receptor 4 (TLR4)-mediated receptor-ligand interactions. These polyvalent interactions occur between bacterially derived ligands as well as endogenous hyaluronan fragments. Hyaluronan is an inactive high molecular weight (≈2 million Da) nonsulfated glycosaminoglycan polymer made up of repeating units of (beta,1-4)-Dglucuronic acid-(beta,1-3)-N-acetyl-D-glucosamine. Hyaluronan fragments are essentially pieces of the full-length hyaluronan, and consist of hyaluronan oligomers of 12-16 disaccharides with molecular weights of ≈200,000 Da. TLR4mediated interactions can lead to the release of life-threatening pro-inflammatory cytokines such as TNF (tumor necrosis factor)-α. As a result, this pathway is tightly regulated in all biological organisms. The checkpoints that initiate as well as arrest this tissue-damaging cascade are important, as the design of new molecules that could be used to manipulate this pathway is possible.
Regulatory roles of the immune response in wound healing and tissue regeneration, ECM remodeling, and the checkpoints that initiate as well as arrest tissue-damaging cascades are important interactions that require consideration when dealing with strategies that can help to modulate the scar response and can potentially enhance tissue regeneration in the field of regenerative medicine.
Introduction
A tissue's natural response to injury or disease is associated with fibroblast deposition and scar formation. Scar tissue is often formed at the expense of normal tissue regeneration. The result of all significant injury and organ failure, regardless of the origin, is the presence of scar tissue. Often the balance between tissue regeneration, a process that is activated at the onset of injury or disease, and scar formation determines the ability of the tissue or organ to be functional. Using biomaterials as scaffolds often can provide a "bridge" for normal tissue edges to regenerate. Regenerative medicine uses various strategies for the management of disease or injury, including mechanisms that can enhance in situ tissue regeneration, the use of biomaterials, the use of cells for therapy, or the combination of biomaterials and cells for therapy or tissue engineering.
The immune system plays a key role during wound healing. It functions to Abstract One of the major challenges in the field of regenerative medicine is how to optimize tissue regeneration in the body by therapeutically manipulating its natural ability to form scar at the time of injury or disease. It is often the balance between tissue regeneration, a process that is activated at the onset of disease, and scar formation, which develops as a result of the disease process that determines the ability of the tissue or organ to be functional. Using biomaterials as scaffolds often can provide a "bridge" for normal tissue edges to regenerate over small distances, usually up to 1 cm. Larger tissue defect gaps typically require both scaffolds and cells for normal tissue regeneration to occur without scar formation. Various strategies can help to modulate the scar response and can potentially enhance tissue regeneration. Understanding the mechanistic basis of such multivariate interactions as the scar microenvironment, the immune system, extracellular matrix, and inflammatory cytokines may enable the design of tissue engineering and wound healing strategies that directly modulate the healing response in a manner favorable to regeneration. 
Wound Healing Versus Regeneration: Role of the Tissue Environment in Regenerative Medicine

Principles of Wound Healing and Tissue Regeneration
The human body's natural reaction to tissue injury is immediate activation of the wound healing cascade. The classic model of wound healing is divided into three sequential, yet overlapping, phases that occur in parallel with hemostasis: (1) inflammatory, (2) proliferative, and (3) remodeling. 1, 2 Upon injury, a set of complex biochemical events takes place in a closely orchestrated cascade to repair the damage. 1 Within minutes post-injury, platelets or thrombocytes aggregate at the injury site to form a fibrin clot. This clot acts to control active bleeding through hemostasis.
In the inflammatory phase, bacteria and debris are phagocytized and removed, and factors are released that cause the migration and division of cells involved in the proliferative phase. The proliferative phase is characterized by angiogenesis (growth of new blood vessels from pre-existing vessels), collagen deposition, granulation tissue formation, cell growth, and wound contraction. 3 In angiogenesis, new blood vessels are formed by vascular endothelial cells. 4 In fibroplasia and granulation tissue formation, fibroblasts grow and form a new, provisional ECM by excreting collagen and fibronectin. 3 Concurrently, cell growth occurs in which cells proliferate and "crawl" atop the wound bed, providing cover for the new tissue. 5 In contraction, the wound is made smaller through myofibroblasts, which establish a grip on the wound edges and contract themselves using a mechanism similar to that in smooth muscle cells. In the maturation and remodeling phase, collagen is remodeled and realigned along tension lines, and apoptosis removes unnecessary cells. 3 Although many parameters are responsible for scar formation, such as the wound healing cascade or increased tissue tension, the result in humans is often fibrous tissue deposition at the expense of tissue regeneration. A human's initial response to injury favors isolation of the injury site from the outside environment and prevention of infection. The primary cause of death after injury or tissue disease in the early 1900s was infection. Antibiotics were not introduced for widespread clinical use until the 1940s. Humans have had over a six million year evolutionary history of depending primarily on their innate immune system to prevent or control infection at the time of injury or disease. Therefore, when taking into account the many parameters responsible for wound healing, it is evident that sealing our injuries from the outside environment with scar formation and the enhancement of our immune system to prevent infection occur somewhat at the expense of normal tissue regeneration.
Hemostasis and the wound repair process can often lead to scarless healing for small superficial wounds, such as shaving razor cuts. When the wounds are small and superficial, scars seldom form. For deeper wounds, scars are almost always present, even under conditions with a controlled environment, such as surgical scalpel incisions. The use of biomaterials and scaffold systems can enhance tissue regeneration and decrease scar formation. Nonetheless, it has been shown that the maximum distance for normal tissue regeneration to occur using biomaterial scaffolds alone is approximately 0.5 to 1 cm from any normal tissue edge ( Figure 1 ). 6 Larger tissue defect gaps require both scaffolds and tissue-appropriate cells for normal tissue regeneration to occur. This has been readily demonstrated with the engineering of several different tissue types using various scaffold systems created with both naturally derived and artificial biomaterials ( Figure 2 ). In bladder tissue, naturally derived scaffolds created with decellularized bladder ECM alone can induce the regeneration of only limited amounts of normal tissue over short distances. However, if the defects are large, fibrosis and scar formation ensue. 7, 8 In a similar manner, vaginal organs were engineered by using artificially created polyglycolic-acid matrices either alone or seeded with vaginal muscle and epithelial cells. The biomaterial scaffoldonly implants fibrosed and constricted over time. The cell-seeded matrices were able to regenerate the typical tri-layer vaginal tissue structure with adequate functional parameters long-term ( Figure 3 ). 9 Similar findings were present when engineering other tissues, such as blood vessels, heart valves, salivary glands, penile tissue, and nerves. [10] [11] [12] [13] [14] These studies to date show that scars do not necessarily form for small or superficial wounds or injuries but may be present for deep or larger wounds, often over 3 mm in diameter. Scars for the larger wounds often can be minimized with the addition of biomaterials that can "bridge" the gap. Often, the biomaterials provide a readily available source of ECM that can act as the platform for native cells to "crawl" over the newly provided "wound bed." However, as noted, there is a maximum distance for cells to regenerate over gaps greater than 1 cm, even if additional biomaterials or ECMs are provided. Fibroblasts tend to fill the larger gaps more rapidly than the native tissue cells, which are responsible for tissue regeneration and usually present at the edge of the injury. Therefore, for gaps 1 cm or larger, the addition of cells is needed for adequate regeneration to occur. Studies done to date suggest that having cells in place, in addition to biomaterials, leads to tissue formation and prevents the typical fibroblast deposition that is programmed to occur when injury is present. The wound healing response is essential for tissue regeneration, and providing the wound bed with additional matrix and cells enhances normal tissue formation.
In addition to the use of biomaterials and cells, there are many mechanisms that are able to optimize in situ regeneration. Understanding the scar microenvironment and being able to control the immune response, the matrix environment, and the inflammatory pathways may give us insight into the development of smarter biomaterials that can induce regeneration over larger distances and may create more efficient strategies for in situ tissue and organ regeneration after injury or disease.
Regulatory Roles of the Immune Response in Wound Healing and Tissue Regeneration Settings
The immune system plays a significant role in the natural process of wound healing, and thus immune cells and factors produced by these cells are also involved in the host response to tissue regeneration strategies. At least three distinct regulatory roles can be identified: (1) regulation of acute inflammation and induction of a foreign body response (if an implant is present), (2) regulation of angiogenesis and matrix remodeling, and (3) positive or negative feedback from interactions with host cells or transplanted donor cells.
Immune cells sterilize wounds and clear cellular debris at sites of tissue damage. Notably, immune cells have evolved to respond to not only conserved molecular signatures of pathogens (pathogen-associated molecular patterns) but also to signatures of tissue damage (danger-associated molecular patterns), such as extracellular ATP, heat shock proteins, and uric acid, which are present even at sterile sites of injury. 15, 16 Leukocytes are rapidly recruited to sites of tissue trauma and have an early interaction with scaffolds placed at a site to promote tissue regeneration. Biomaterials elicit a foreign body response that involves both immune cells and local tissue cells and leads to the generation of a fibrous capsule around biomaterial implants. Several recent excellent reviews have described our current understanding of the foreign body response in detail. [17] [18] [19] Immediate release of chemoattractants, histamine, and inflammatory cytokines as blood clots in the wound site leads to neutrophil recruitment to the tissue (acute inflammation), followed by entry of monocytes and macrophages, which may fuse at the surface of implants over time, becoming foreign body giant cells that attempt to degrade/digest the biomaterial. Phagocyte recruitment can be supported by a positive feedback loop created as macrophages contacting implanted biomaterials produce additional chemoattractants for monocytes, 20 which enter the site and differentiate into macrophages. Lymphocytes accumulate later in the response, and their presence defines the phase of chronic inflammation. 17 The foreign body response is often viewed as a negative process that competes against therapeutic cells/scaffolds designed to drive tissue regeneration, but the growing appreciation for the immune system's role in regulating repair processes-and its
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Three months Six months Figure 3 . Appearance of tissue-engineered vaginas at one, three, and six months after implantation in rabbits. The gross appearance of the unseeded and cell-seeded vaginal scaffolds after one week in culture is shown at the top of the figure. At each time point after implantation of these constructs, vaginography was performed, and then the construct was dissected out of the animal. A representative vaginogram and the gross appearance of the construct are shown for each time point. It can be seen through both vaginography and gross examination that the cell-seeded grafts resulted in patent tissue-engineered vaginas that are similar in structure to normal vaginal tissue. However, the unseeded grafts fibrosed and constricted with time, and tissue-engineered vaginas did not form, as evidenced by the absence of tissue in the photograph of the graft after six months in vivo.
ability to either promote or inhibit key steps-makes this picture more complex.
Unresolved chronic inflammation at a wound site favors scarring over tissue regeneration, and thus resolution of the early inflammatory response may be critical for successful regeneration strategies.
Recently, an unappreciated role for adaptive immune cells in terminating inflammatory responses was discovered, revealing that CD4 + T cells actively shut down cytokine production by innate immune cells to terminate inflammatory responses. 21 The identification of these and other negative regulatory pathways controlling inflammation 22 could be important for promoting regeneration over scarring, and provides motivation for potentially engineering the recruitment of immune cells that might be beneficial for promoting tissue regeneration. Macrophages and dendritic cells (DCs) are also sources of key cytokines and other factors regulating angiogenesis and ECM remodeling, 23 and selective deletion of macrophages has been shown to impair collagen deposition, angiogenesis, and reepithelialization in mice. 24 Interactions of macrophages with proteins adsorbed to biomaterial scaffolds (or bioactive molecules intentionally displayed from the surface of scaffolds) directly influence the production of matrix remodeling enzymes and angiogenic factors. 20, 25 Thus, attempts to regulate macrophage/dendritic cell function in tissue regeneration/wound healing therapies are of substantial interest, beyond mitigation of the foreign body response.
A final key regulatory role arises in the interaction between immune cells and donor cells that may be delivered with scaffolds in tissue regeneration or surrounding host cells. If donor cells are not autologous (derived from the same patient), recognition of the donor cells as foreign by host CD8 + T cells (and in some cases, CD4 + T cells) can lead to direct killing of the transplanted cells or generation of strong local inflammation. Interestingly, studies have suggested that certain adult stem cell populations may have immunosuppressive properties capable of blocking allogeneic reactions, which could have important implications for regenerative medicine. 26 In addition, a variety of cross-regulatory interactions are being revealed between immune cells/inflammatory mediators and parenchymal cells or progenitor cells. In bone fractures, an important role for inflammatory ctyokines and inflammatory factors has been identified in osteoblast/osteoclast (bone forming/remodeling cells, respectively) differentiation 27 and bone healing. 28, 29 Activated macrophages secrete factors that favor regeneration of damaged optic nerves or and central nervous system neurons. 30, 31 In addition, inflammatory cytokines produced by innate immune cells promote neurogenesis from human mesenchymal stem cells. 32 Strikingly, the liver, one of the few major organs capable of dramatic regeneration following damage in adult mammals, depends on two inflammatory cytokines, IL (interleukin)-6 and TNF-α, for regeneration. 33 Complement, traditionally viewed as an inflammatory effector of innate immunity, has been implicated in guiding bone synthesis from fetal cartilage during development 34 and limb regeneration in lower vertebrates 35 and also plays a role in mammalian liver regeneration. 36 Thus, immune cells and inflammatory factors may impact tissue regeneration therapies in many ways beyond their obvious roles in sterilization and tissue remodeling.
The ability of immune cells to influence the outcome in wound healing and to impact responses to tissue-engineering constructs has led to the concept that the immune system itself could be a target for therapeutic manipulation in wound healing and regenerative medicine settings. [37] [38] [39] [40] From this perspective, the same materials engineering and regenerative medicine concepts used to shape the microenvironment in support of parenchymal cells or vasculature could be employed to shape immune responses in the implant site. This could include the use of cytokine-releasing scaffolds, 41 matrices with cell-releasable embedded factors, 42, 43 or co-delivery of drug-releasing microparticles/nanoparticles at the tissue site. However, applying such methods to manipulate the immune system is a relatively new concept where many potentially interesting avenues remain to be explored.
Controlling Immune Cell Recruitment to Tissue Sites
Because of the pro-regenerative and proangiogenic roles immune cells can play in wound healing, selective recruitment of targeted immune cell populations to tissue sites could provide a means to regulate regenerative processes. Immune cell trafficking in vivo is regulated by the expression of specific receptors for chemoattractants, proteins that stimulate directed cell migration when cells are exposed to concentration gradients of these factors. 44, 45 The chemoattractants that regulate leukocyte trafficking to tissues are well understood, making targeted attraction of specific cells to a tissue site possible. Biomaterials that release chemoattractants to create de novo chemoattractant gradients and elicit directed cell migration have been demonstrated in vitro and in vivo. [46] [47] [48] [49] [50] Alternatively, selective exclusion of inflammatory cells from tissue sites, in some instances, also may be of interest in tissue regeneration to block chronic inflammatory processes and avoid unwanted inflammatory cell accumulation within/around tissue scaffolds. Interestingly, certain proteins can act as chemorepellents, driving immune cell migration away from tissue sites. [51] [52] [53] A more broad blockade of leukocyte (as well as other cells) entry into tissue sites from blood also might be achieved using molecules that block chemoattractant function, such as soluble tissue polysaccharide fragments or heparin, which bind to chemoattractants and block chemotaxis. 54 Heparin analogues that lack anticoagulant activity but retain an ability to block the trafficking of cells through endothelial walls of blood vessels are of growing interest to regulate immune cell recruitment to inflammatory sites. 55 Delivery of immune cell-guiding chemoattractant cues to a tissue site can be achieved by a number of strategies. Similar to the delivery of other therapeutic proteins, chemoattractants can be physically entrapped in solid polymer matrices, 46 hydrogels, 50 or biodegradable particles/scaffolds 47, 49 for diffusion/ erosion-mediated release. Alternatively, strategies seeking to exploit the matrixbinding properties of chemokines can be employed; similar to cytokines such as basic fibroblast growth factor, many chemokines are basic, highly charged proteins that bind to glycosaminoglycans in the ECM. 56, 57 Thus, tissue scaffolds decorated with heparan sulfate proteoglycans or heparin can be loaded with chemoattractants by physisorption for slow release and gradient generation. 48 Finally, vaccine studies have convincingly demonstrated the utility of plasmid DNA inoculation to locally transfect tissue cells to produce chemoattractants that draw immune cells to an injection site, 58, 59 and materials designed to promote plasmid delivery could likewise be tailored to this purpose in the setting of tissue regeneration.
Modulating the Function of Immune Cells at Tissue Regeneration Sites
In addition to regulating the recruitment of immune cells, tissue regenerative strategies could seek to modulate the function of immune cells present at the site. Treatment of implant sites with traditional antiinflammatory drugs (or design of biomaterials that release these drugs in situ) has been attempted in an effort to minimize acute inflammation, but results of such strategies have been mixed, with some studies reporting beneficial effects and others suppression of tissue regeneration. 39, 60, 61 This likely reflects the multiple positive and negative regulatory roles played by immune cells in the healing response discussed previously and the challenge that inflammatory cytokines often act on multiple cell types in vivo, sometimes in an opposing fashion. Notably, in any strategy aiming to modulate the function of immune cells at an implant site, careful attention must be paid to the purity of the materials employed. Trace contaminants such as bacterial products (especially endotoxin) are strong pro-inflammatory signals that directly stimulate innate immune cells and B cells, and these can be inadvertently introduced due to the use of impure starting materials from biologic sources or contamination during synthesis/handling. Also relevant is the fact that some materials have intrinsic immunostimulatory properties: 18 Nanoparticles and microparticles are composed of many different materials ranging from poly(D,L-lactic acid-co-glycolic acid) (PLGA) to polystyrene to silica and have been recently shown to stimulate the inflammasome upon internalization by innate immune cells, leading to the production of inflammatory cytokines. [62] [63] [64] Fragments of hyaluronan are signatures of tissue damage, and thus low molecular weight hyaluronan breakdown products from tissue matrices could also drive inflammatory cytokine production. 65 Similarly, biomaterials based on natural polysaccharides, such as chitosan and alginate, may stimulate innate immune cells, though molecular weight, purity, and composition (ratio of guluronic versus mannuronic acid residues in alginate) effects play a significant role in whether these materials elicit inflammatory responses. [66] [67] [68] [69] Thus, a full understanding of the potential immunoregulatory triggers during synthesis, application, and eventual resorption of biomaterials in situ may be critical to successfully modulate immune responses without uncontrolled "background" inflammation.
As an alternative to general antiinflammatory drug treatments, some studies have sought to tailor the composition of biomaterial scaffolds to directly alter the immune cell response to implanted scaffolds. One strategy has been to incorporate inflammation-blocking signals into the scaffold itself. For example, coupling of heparan sulfate or chondroitin sulfate glycosaminoglycans (GAGs) to cross-linked collagen tissue scaffolds reduced the foreign body response elicited in a rat model. 70 While GAG incorporation could have many potential effects on the host response and the mechanisms underlying this result were not explored in this study, GAGs are known to bind the CD44 receptor of macrophages and provide signaling blocking foreign body giant cell formation. 71 A similar reduction in the degree of fibrous tissue formation around PLGA scaffold implants was observed when acid-demineralized bone particles were embedded in scaffolds designed for bone tissue regeneration. 72 These demineralized bone particles are known to contain a complex collection of proteins, including matrix collagen, bone morphogenetic protein, and other factors, and the precise signals from these particles involved in mitigating fibrous tissue formation in this instance remain unknown. In a more targeted strategy, van Putten et al. impregnated cross-linked collagen scaffolds with recombinant IL-10, one of the key cytokines involved in arresting inflammatory responses, which directly acts on macrophages, dendritic cells, and T cells. 73 IL-10 release at the implant site did not block initial macrophage recruitment into the tissue site, but blunted collagenase activity and greatly reduced the formation of giant cells within the scaffolds.
As discussed previously, molecules traditionally viewed as pro-inflammatory also can promote tissue regeneration/healing in certain tissues. For example, biodegradable PLGA matrices releasing selective prostaglandin receptor agonists implanted in bone defects have been shown to promote bone healing in canine models while avoiding systemic side effects. 28 To invoke the potential functions of complement in driving tissue regeneration in liver or bone regeneration, new materials being developed to control the activation of complement in situ may be of interest: For example, nanoparticles that carry functional groups capable of triggering complement activation have recently been shown to promote immune responses to vaccine antigens in immunization. 74 Such materials might find new applications in tissue regeneration, particularly if coupled to the idea of co-functionalizing particles with matrix-binding peptides that anchor small particles in the ECM for prolonged periods. 75 As illustrated by these examples, appropriate immunomodulatory strategies (either pro-or anti-inflammatory, depending on the situation) can have substantial benefits in tissue regeneration, and biomaterials can play an important role in maximizing the lifetime of key factors at the treatment site while limiting systemic exposure to potent signals.
Extracellular Matrix Remodeling
It is widely appreciated that tightly regulated ECM remodeling is a prerequisite for both successful wound healing and tissue regeneration. The most extensively studied mediators of this remodeling are the matrix metalloproteinase (MMP) family of enzymes, whose activity is the ratelimiting step in ECM remodeling. MMPs are a multigene family of zinc-dependent endopeptidases that share a relatively conserved structure. Their activity is regulated at both the transcriptional and the translational level and, once produced, predominantly by four endogenous inhibitors known as the tissue inhibitors of metalloproteases (TIMPs). Most MMPs are produced in a latent form and are activated extracellularly. The reader is referred to a number of comprehensive reviews of these important enzymes and their activities. [76] [77] [78] [79] [80] [81] As previously reviewed, the classic MMP domain structure includes A signal peptide domain, which guides the enzyme into the rough endoplasmic reticulum during synthesis.
A propeptide domain, which is responsible for maintaining the latent state of these enzymes until it is removed or disrupted.
The catalytic domain, which houses the highly conserved Zn 2+ binding region and is responsible for the proteolytic activity.
The hemopexin domain, which determines the substrate specificity of MMPs.
A small hinge region, which enables the hemopexin domain to present substrate to the active core of the catalytic domain. The subfamily of membrane-type MMPs (MT-MMPs) possesses an additional transmembrane domain, composed of a membrane-spanning segment and an intracellular domain. 76 MMP activity is predominantly controlled by a group of structurally related, endogenous inhibitors known as TIMPs. TIMPs have been shown to specifically and reversibly inhibit the activity of MMPs. Four members of this family have been cloned and expressed to date: TIMP-1, -2, -3, and -4. These inhibitors can block the autocatalytic activation of latent MMPs as well as inhibit the proteolytic activity of activated MMPs due to their ability to bind both latent and active MMPs. 82 Although originally distinguished from each other on the basis of their substrate specificity, which includes a wide variety of ECM components such as collagens, gelatins, elastin, and fibronectin, it is now known that these enzymes are capable of degrading other, non-ECM-related substrates as well, 76 thereby increasing the complexity of their regulatory ability.
Although most extensively studied within the context of their regulation of angiogenesis, tumor growth, and metastasis, a growing literature has focused on MMPs and their roles in wound healing and tissue regeneration. It has long been appreciated that the successful and functional tissue remodeling that accompanies, and is required for, these latter two complex processes requires both degradation and synthesis of tissue components (i.e., both degenerative and regenerative processes). [83] [84] [85] [86] In the absence of tightly regulated ECM remodeling during these processes, significant physiological consequences result. For example, dysregulated ECM degradation in favor of excessive matrix formation or deposition can result in fibrotic disease, 87, 88 whereas excessive matrix degradation can result in chronic wounds that can be difficult or impossible to heal. 89, 90 Moreover, related processes necessary for normal wound healing and tissue regeneration, such as angiogenesis, are dependent upon the appropriate and controlled ECM remodeling mediated by these ECM-degrading MMPs 76,91-93 and affected as well.
Successful tissue regeneration studies have clearly revealed the importance of appropriate ECM remodeling and angiogenesis in this complex process. [92] [93] [94] For example, Alwayn and colleagues demonstrated that MMPs are required for successful post-hepatectomy liver regeneration in a murine model. 93 Inhibition of MMP activity by a synthetic MMP inhibitor, marimastat, significantly inhibited regeneration in this system. 93 Interestingly, the presence of urinary MMPs and their endogenous inhibitors, TIMPs, correlated with the progressive return of resected livers to their preoperative mass. 93 These and other studies 92,93,95,96 support a long-standing suggestion that the control of MMP activity (either positive or negative) in chronic wounds might represent a potential therapeutic strategy for this clinical problem. [97] [98] [99] [100] 
Tissue Damage Cascades
Both surgical trauma and bacterial infections can lead to severe tissue injury that can be triggered by cell surface TLR4mediated receptor-ligand interactions. These polyvalent interactions between bacterially derived ligands as well as endogenous hyaluronan fragments can lead to the release of life-threatening proinflammatory cytokines such as TNF-α. As a result, this pathway is tightly regulated in all biological organisms. The checkpoints that initiate as well as arrest this tissue-damaging cascade are important, as the design of new molecules could be used to manipulate this pathway.
The Inflammatory Response Associated with Bacterial Infections
Fundamental to innate immunity are the pattern recognition receptors (TLRs) that recognize pathogen-associated molecular patterns. They allow the immune system to distinguish self-structures from pathogen-associated non-self molecules. They are the first line of host defense against invading pathogens. 101 TLR4 on macrophages and dendritic cells is the key cell surface receptor. Antigen-mediated triggering leads to cytokine expression, dendritic cell maturation, and adaptive immune responses.
The outer membrane of all gram-negative bacteria, which cause infections in humans and have been extensively studied, is made up of a bilayer that consists of phospholipids on the inner leaflet, and the lipid anchor region of lipopolysaccharide (LPS) (i.e., lipid A) on the outer leaflet. Recognition of LPS, a potent pro-inflammatory stimulus and critical to discussion of these pathways, occurs as part of the TLR4-MD-2-CD14 receptor complex. 102, 103 In brief, the transport protein CD14 delivers LPS to MD-2, which has a hydrophobic pocket that is lined by a hydrophilic entrance. Lipid A binds to the hydrophilic entrance. Its lipid chains then enter MD-2's hydrophobic pocket. The LPS-MD-2-TLR4 complex then undergoes a conformational change that enables TLR4 to dimerize. Intracellular signaling follows. 103, 104 Only a very short stimulation of TLR4 is required to lead to dendritic cell maturation and T cell stimulation. This contrasts with the prolonged and sustained stimulation of TLR4 that is required for the induction of pro-inflammatory cytokines such as TNF-α and IL-6. Distinct thresholds should exist within the TLR4-MD2-LPS complex (at cell surface level) for inducing the expression of CD markers of cellular differentiation compared to the release of cytokines. 103 This unique nature of TLR4 compared to all other TLR receptors has only been recently recognized. 105
The Inflammatory Response Associated with Surgery
The successful repair of injured tissues requires a coordinated host response to control the amount of structural damage. A major hallmark that alerts the host to tissue injury is the sudden increase in the turnover of hyaluronan in ECM. 106 In its native form, hyaluronan exists as an inactive high molecular weight nonsulfated glycosaminoglycan polymer with a molecular weight of ≈2 million Da. It is made up of repeating disaccharide units of (beta,1-4)-Dglucuronic acid-(beta,1-3)-N-acetyl-D-glucosamine. At sites of acute inflammation and tissue injury, it is rapidly broken down by the local release of enzymes such as hyaluronidase, beta-glucuronidase, and hexosaminidase. Low molecular weight fragments are generated that consist of hyaluronan oligomers of 12-16 disaccharides, with a molecular weight of ≈200,000 Da. These fragments have all of the features of a pathogen-associated molecular pattern, and they mediate their biologically important effects on macrophages, dendritic cells, and endothelial cells. 65, 106 When compared to LPS, only high and localized concentrations of these hyaluronan fragments at sites of acute inflammation are capable of inducing pro-inflammatory chemokine and cytokine responses in dendritic cells. Resolution of the acute inflammatory response requires clearance of the hyaluronan fragments from their focal sites of accumulation by enzymatic degradation to hyaluronan disaccharides of ≈28,000 Da. These have no biological activity. In 2005, Jiang et al. showed that hyaluronan fragments trigger TLR-4 and TLR-2 and that signaling occurs via the MyD88/TIRAP pathway, which results in activation of the transcription factor NFκB and subsequent expression of pro-inflammatory genes. 107 These fragments also can enhance T cell responses by activating and upregulating co-stimulatory molecules on immature dendritic cells. These observations have been confirmed in vitro and in vivo, as well as in mice and humans. 108 In addition, it has recently been shown that high molecular weight hyaluronan (i.e., ≈2 million Da) has no effect on LPSmediated signaling via TLR4 and is an antagonist of TLR2. In contrast, low molecular weight hyaluronan (i.e., ≈200,000 Da) is an agonist of TLR4 and a partial agonist of TLR2. Taken together, these observations show that high molecular weight hyaluronan maintains homeostasis by downregulating pro-inflammatory responses, while the localized generation of low molecular weight hyaluronan in areas of tissue injury acts as an endogenous alert signal that triggers innate and acquired immune responses. It also means that the balance between high molecular weight hyaluronan and low molecular weight hyaluronan fragments critically controls the activation of the innate immune response in areas of tissue damage. 109, 110 These recent observations should not be confused with the previously well-established and essential role of CD44 in regulating the turnover of high molecular weight hyaluronan, because CD44 is not required for the expression of chemokines or cytokines by macrophages in vivo. 111
Polyvalency
Bacterial infections and surgical tissue injury therefore trigger cell surface receptorligand interactions that are very specific in nature. They do not involve a single receptor-ligand interaction. Rather, these pro-inflammatory responses are mediated by polyvalent receptor-ligand interactions between bacterially derived ligands or hyaluronan and cell surface TLRs. 106 The binding affinity of these ligands for their receptors increases exponentially as the number of receptor-ligand interactions increases. 112 Also in this context, it is the cell surface-associated heparan sulfate proteoglycans that bind and concentrate the proteins, which play such a crucial role in cell-cell and cell-ECM interactions. These interactions between cell surface heparan sulfate proteoglycans, hyaluronan, and proteins ensure their central role in normal physiology and in the progression of many disease processes. 113 Therefore, scientists are now adapting the concept of polyvalency to biomaterial design by creating materials that can interact with and modulate multiple tissue injury pathways at once.
Modulating Polyvalent Receptor-Ligand Interactions
As polyvalency requires multiple and cooperative receptor-ligand interactions, pharmacological intervention will require medicines based upon molecules that are also capable of multiple and co-operative interactions. This has already been achieved with protein-based medicines, which interact with multiple cell surface receptors with high affinity. For many years, the aim has been to achieve analogous co-operative interactions with synthetic macromolecules. However, it has been found that in biological systems, the use of linear polymers has been less successful than anticipated. Attempts to use linear polymers have been impeded by (1) the structural heterogeneity of the macromolecules used;
(2) an inability to control their molecular weight characteristics; and (3) the toxic side effects of activating complement and coagulation-triggered pathways. 114 In the case of linear polymers that display saccharides, they have a tendency to self-associate and to form micelles because of the amphiphilic characteristics of many polymer-ligand combinations. In the case of polysaccharides, their structural heterogeneity and the complex nature of the chemistry involved in their preparation has impeded the scalable and reproducible synthesis of defined oligosaccharide-like molecules with the appropriate biological properties. In general, many synthetic steps are required, and the chemical intermediates and products made are very difficult to purify. These compounds are also very difficult to handle because they tend to be hygroscopic syrups, chemically labile, susceptible to rapid microbial degradation, and difficult to process into medicines.
These fundamental problems have impaired the systematic study of saccharide-based structure-property correlations for rational drug design.
Dendrimers and Polyvalent Interactions
Dendrimers constitute an exciting component of the emerging nanotechnology revolution. 115 They are an architectural class of hyperbranched synthetic nanomolecules that can be made by controlled sequential processes to give well-defined chemical structures. They are prepared from a starting core by a sequence of two reactions repeated sequentially to produce incremental "generations." As dendrimers are hyperbranched, the ends of each branch define the molecular surface of the dendrimer. Notably, (1) their physicochemical properties are similar to those of conventional small molecule drugs; (2) they can be modified to exist as zwitterions at physiological pH; and (3) they have a considerable buffering capacity that makes them physicochemically "similar" to blood proteins (e.g., albumin), and therefore biocompatible. However, unlike proteins, they (1) do not undergo proteolytic degradation in plasma; (2) are not immunogenic; (3) are not toxic after repeated intravenous administration; (4) can be optimized for their circulation time; and (5) show preferential accumulation in tissues containing inflammatory cells compared to healthy tissue at a ratio of 50:1.
Dendrimer Glucosamine Conjugates as TLR4 Antagonists
Until recently, the therapeutic potential of dendrimers was restricted to drug delivery and to their use as imaging agents. 115, 116 There is now an increasing recognition of the potential importance of making new and polyvalent dendrimerbased medicines for manipulating biologically well-defined cell surface-mediated immunoregulatory interactions between carbohydrates and proteins. Conventional small molecule drugs lack ligand-binding cooperativity (i.e., polyvalency) and therefore cannot enable such interactions at the cell surface.
Dendrimer glucosamine has been shown to inhibit hyaluronan-TLR4 cell surfacemediated pro-inflammatory cytokine production from human macrophages and dendritic cells while allowing the activation and maturation of dendritic cells. 117 When monocytes and dendritic cells were cultured with dendrimer glucosamine for 30 minutes and then exposed to highly purified LPS for 21 hours, there was a significant reduction in the release of both chemokines (macrophage inflammatory proteins-1α and -1β, IL-8) and cytokines (TNF-α, IL-1β, and IL-6). When this experiment was repeated by incubating cells with LPS followed by the addition of dendrimer glucosamine after two or four hours, a significant inhibition of pro-inflammatory mediator release was still seen. Similar results were obtained with live bacteria. The antagonistic activity of dendrimer glucosamine was specific to TLR4-mediated pro-inflammatory responses.
Controlling Uncontrolled Immunological Trauma in Elective Surgery by Design
Elective surgery causes the release of tissue enzymes that degrade high molecular weight hyaluronan into low molecular weight hyaluronan. The small fragments trigger TLR4-mediated pro-inflammatory responses in a manner that is almost identical to bacterially derived LPS. An excessive pro-inflammatory cytokine release interferes with the normal phases of wound healing. The excessive angiogenesis that accompanies this host innate immune response increases pro-inflammatory monocyte recruitment to the wound site ( Figure 4 ). Scarring is due to a persistent inflammatory response that promotes fibroblast proliferation. Shaunak postulated that early inhibition of an immuno-modulatory pathway and an anti-angiogenic pathway would enable physiological (rather than pathological) repair and regeneration of surgically induced injury without causing scar tissue formation ( Figure 5 ). A rabbit model of glaucoma filtration surgery was chosen because the surgical intervention is precisely defined, and because surgical failure results from an excessive pro-inflammatory response combined with a neo-angiogenic response. When used in combination, dendrimer glucosamine and dendrimer glucosamine 6-sulfate increased the success rate of glaucoma filtration surgery from 30% to 80% (P = 0.029; the P-value is the probability (0 ≤ P ≤ 1) that the observed results could have occurred by chance if the null hypothesis was true) in this clinically validated rabbit model. Therefore, this combination of dendrimer-based drugs safely and synergistically prevented scar tissue formation after surgery. Histological studies showed that the degree of tissue-based inflammatory cell infiltration and abnormal collagen formation was minimal. 117 These studies with novel synthetic macromolecules provide clear-cut evidence that new chemical entities can be designed and synthesized that will enable the therapeutic manipulation of the early and critical stages of tissue repair and regeneration pathways. 
Conclusion
Regulatory roles of the immune response, extracellular matrix remodeling processes, and the checkpoints that initiate as well as arrest tissue-damaging cascades are all important interactions that require consideration when dealing with strategies that can help to modulate the scar response and can potentially enhance tissue regeneration. Currently, novel biomaterials that can interact with aspects of all of these pathways are in development. In the future, in addition to serving as scaffolds to create the appropriate structure of a tissue, these new biomaterials will be able to inhibit scar formation and accelerate growth of new normal tissue in order to quickly regenerate organs in vivo. Advances in biomaterial design and fabrication are critical to the growth of the field of regenerative medicine.
